INTRODUCTION
For microorganisms that proliferate in different environments, temperature is one of the most important environmental cues. Consequently, expression of several groups of genes that are important for survival within the host, including virulence genes, is regulated by temperature (Lam et al., 2014) . But, although a majority of studies on the regulation of virulence genes were conducted in bacteria grown at 37 C, which is the normal temperature of their human host, the initiation of host immune response, followed by inflammation, commonly results in elevation of the body temperature up to 42 C, known as fever. Fever is common in mammal and other animals, and for many organisms, febrile temperature, 1 C -4 C above the basal level, correlates with efficient clearance of infection (Evans et al., 2015) . The response of both pathogenic and commensal inhabitants of mammalian intestine to a moderate elevation of temperature that mimics fever could thus be potentially important for understanding bacterial response to inflammation. However, most of the studies of response of E. coli and other enterobacteria to high temperature focused on the heat shock conditions, corresponding to temperatures above 43 C (Roncarati and Scarlato, 2017; Rosen and Ron, 2002) , which bacteria are unlikely to face inside the mammalian host.
One of the possible bacterial strategies of immune response evasion might be downregulation of strong antigens, such as flagella. Flagella are required for motility, which provides a number of advantages to bacterial cells, including access to nutrients and colonization of various environments (Ottemann and Miller, 1997) . Because investment of resources in motility carries a high cost that can significantly affect cell growth (Ni et al., 2017) , expression of motility genes is tightly regulated (Chevance and Hughes, 2008; Soutourina and Bertin, 2003) . In the best-studied examples of E. coli and closely related Salmonella species, around 50 motility genes are hierarchically organized in three classes of expression (Chevance and Hughes, 2008) . The environmental regulation of flagellar synthesis is believed to occur primarily at the level of the transcriptional regulator FlhDC (Pesavento et al., 2008; Soutourina and Bertin, 2003) . The expression of flhDC operon (class I, early genes) is known to be controlled by a number of transcription factors. The level of FlhDC also depends on its degradation by the protease ClpXP (Kitagawa et al., 2011) . FlhDC induces the expression of class II (middle) genes, which encode the components of flagellar hook-basal body (HBB), a sigma factor FliA, and an anti-sigma factor FlgM. FliA is required for the expression of class III (late) genes, which include the outer part of flagella, chaperones, and components of the chemotaxis pathway. The activity of FliA is negatively regulated by FlgM, which prevents FliA from activating class III promoters before complete assembly of the HBB. When the secretion system inside the basal body switches its export specificity (Hughes et al., 1993; Kutsukake et al., 1994) , FlgM is secreted, thus liberating FliA in the cell and enabling transcription of the class III genes followed by assembly of the outer part of flagellum, including filament cap and the filament itself (Guo et al., 2014; Macnab, 2004) . FliA and FlgM, as well as several other flagellar genes, have both class II and class III promoters (Chilcott and Hughes, 2000; Fitzgerald et al., 2014) .
The control of class III promoter activity by the interaction between FliA and FlgM is crucial for precise timing and extent of flagellar gene expression. Therefore, the concentrations of FliA and FlgM are regulated at multiple levels, with translation efficiency of flgM mRNA being dependent on the chaperone FlgN (Karlinsey et al., 2000) , and FliA and FlgM being subject to proteolysis by the Lon and ClpXP proteases, respectively (Moliere et al., 2016) . Finally, the secretion rate of FlgM is increased upon its binding to FliA and downregulated by its binding to the chaperone FliS (Aldridge and Hughes, 2002; Furukawa et al., 2016; Galeva et al., 2014; Guo et al., 2014) . Such control of the motility system by the interplay between FliA and FlgM is relatively widespread among bacteria, including Yersinia (Ding et al., 2009 ), Pseudomonas (Hockett et al., 2013 , Vibrio (Correa et al., 2004), and Bacillus (Calvo and Kearns, 2015) species.
The expression of motility genes in E. coli and other bacteria is known to depend on growth temperature, but underlying regulatory mechanisms are not well understood (Fahrner and Berg, 2015; Hockett et al., 2013; Horne and Pruss, 2006; Kamp and Higgins, 2011; Pruss, 2017; Shi et al., 1993; Wosten et al., 2010) . Although FliA and/or FlgM have been implicated in temperature-dependent expression of flagellar genes in several species, including Yersinia enterocolitica (Horne and Pruss, 2006), Pseudomonas syringae (Hockett et al., 2013) , and Campylobacter jejuni (Wosten et al., 2010) , only in the latter case a mechanism, based on the thermosensitivity of the sigma-anti-sigma factor interaction, has been proposed.
Here we compared the transcriptome and proteome of E. coli grown at 37 C and at the febrile temperature 42 C. We observed that, in E. coli proteome, the motility system shows the most pronounced downregulation at 42 C. Our results suggest that such strong inhibition of motility occurs at two levels, partially due to the post-transcriptionally lowered level of FlhD, but primarily due to the malfunction of secretion apparatus at 42 C, which prevents secretion of FlgM and thereby inhibits the expression of class III genes. This regulation enables E. coli to highly efficiently turn off flagella expression at 42 C and turn them on again once the temperature is lowered back to 37 C. Given the wide spread of the FliA/FlgM control circuit among bacteria, this mechanism of thermoregulation is likely to be common, and it could explain previously observed temperature dependence of gene expression in E. coli and other bacteria (Hockett et al., 2013; Shi et al., 1993) .
RESULTS AND DISCUSSION

Changes in Expression Induced at Febrile Temperature
To investigate response to fever temperature in E. coli, we first measured the mRNA and protein levels in cells grown at different temperatures. Increase of growth temperature from 37 C to 42 C resulted in differential regulation (at 90% confidence) of 127 genes and 119 proteins ( Figure 1A , Tables S1 and S2 ). Similarly to several previous studies that compared regulation at the proteome and transcriptome levels (Borirak et al., 2015; Haider and Pal, 2013; Poblete-Castro et al., 2012) , we observed an approximately 50% overlap between the two datasets. Consistently, there was a significant average correlation between changes in protein and mRNA levels ( Figure 1B , Table S1 ), and also clear outliers that where differentially regulated, thus suggesting that response to 42 C occurs at both transcriptional and posttranscriptional levels. Of 66 genes downregulated at 42 C at both the mRNA and protein level (Table S2) , the majority (40) were motility genes.
Further 5 (modA, modC, yecR, yjcZ, ynjH) regulated genes were also reported to be under the control of FlhDC (Barbier et al., 2014; Fitzgerald et al., 2014; Horne and Pruss, 2006; Kapatral et al., 1996 Kapatral et al., , 2004 Minnich and Rohde, 2007; Nuss et al., 2015; Shi et al., 1993) . Also consistently downregulated were proteins involved in the catabolism of arginine (astABCDE), as well as anti-adaptor IraP responsible for stabilization of the stationary phase sigma factor RpoS (Bougdour et al., 2006) . Upregulation on both levels at 42 C was observed for 13 genes, 5 of which (rbsABCDK) are involved in transport and metabolism of ribose. Several genes involved in the metabolism of iron (fhuD, fhuE) and carbohydrates (gudD, malK, malP), as well as a poorly characterized gene of the FlhDC regulon flxA (Ide and Kutsukake, 1997), showed opposite regulation on the protein and mRNA levels. Finally, six proteins were upregulated at 42 C at the protein but not on the mRNA level. 
Temperature-Dependent Regulation of Flagellar Genes Occurs at Two Levels
To further investigate the observed strong downregulation of flagellar and motility genes at 42 C, we assessed the mRNA levels of different classes of flagellar genes over a wider range of temperature ( Figures  2A-2D , Table S3 ). Consistently with an early report for E. coli (Shi et al., 1993) , and also similar to the pattern observed for Pseudomonas and Yersinia (Barbier et al., 2014; Horne and Pruss, 2006; Kapatral et al., 1996 Kapatral et al., , 2004 Minnich and Rohde, 2007; Nuss et al., 2015) , the expression level of flhDC mRNA was nearly unaffected by temperature ( Figure 2A , Table S4 ). The expression of class II genes showed a mild increase up to 37 C but decreased 2-to 4-fold at 42 C ( Figure 2B ). In contrast, expression of class III genes was strongly downregulated at 42 C, with up to a 16-fold drop in expression ( Figure 2D and Table S3 ). Several genes having both class II and class III promoters showed intermediate regulation by temperature ( Figure 2C) . Notably, the overall pattern of class III flagellar gene expression was consistent with the previously reported temperature dependence of E. coli motility (Schulmeister et al., 2011) .
As already observed in the global comparison of mRNA and protein levels ( Figure 1B ), relative changes in protein levels between 37 C and 42 C generally reflected regulation observed at the mRNA level, but with several notable differences ( Figure 2E and Table S4 ). We observed that the level of FlhD was strongly reduced at 42 C, in contrast to constant levels of its mRNA. Oppositely, the levels of FliA and FlgM remained unchanged with growth temperature in spite of downregulation of their mRNAs at 42 C. Differences between protein and mRNA levels were also observed for several components of the ATPase, rod, hook, and P-and L-rings; some were more strongly and others more weakly downregulated at the protein level than at the mRNA level.
At least some of this differential regulation could be explained by differences in stability of respective proteins at 37 C and 42 C ( Figures 3A-3D and S1). Although most flagellar proteins remained stable at both temperatures, the key component of the secretion apparatus FliP was less stable at 42 C, whereas chaperones FliS and FliT had increased decay rate at 37 C. Similarly, levels of FliA and FlgM were more stable at 42 C. Such stabilization is known to occur upon formation of the inhibitory FlgM-FliA complex (Galeva et al., 2014) , which would also explain the repression of class III genes at 42 C. In contrast, degradation of
FlhD was similar at both temperatures ( Figures 3C and 3D ), indicating that translational regulation rather that stability of FlhD is responsible for its lower levels at febrile temperature. Notably, reduced levels of flagellar proteins are consistent with absence of flagella from the cell surface ( Figure 3E ) and therefore with the lack of motility ( Figure 3F ) at 42 C.
To test the involvement of the FlgM-FliA interaction in the enhanced downregulation of E. coli class III genes at febrile temperature, we compared the activity of class II (fliE) and III (fliC) promoters at 37 C and 42 C in wild-type (WT) and DflgM strains ( Figure 3G ). Consistent with the transcriptomics results, in WT cells the activities of the class II and class III reporters decreased at 42 C to 20% and 2%, respectively.
However, in the DflgM background the downregulation of both reporters was similar, confirming our hypothesis that enhanced repression of the class III genes at 42 C is mediated by FlgM. Since the increased formation of the FlgM-FliA complex might be due to the reduced secretion of FlgM at febrile temperature, we further compared intracellular and extracellular levels of FlgM at 37 C and 42 C, using FlgM that is C-terminally fused to a hemagglutinin (HA) tag (Ni et al., 2017 ) (see Transparent Methods). Although the concentration of cellular FlgM-HA was comparable at the two temperatures, consistent with the proteomic results, its level in the supernatant decreased dramatically at 42 C ( Figure 3H ). This drop seems to be a Table S3 .
(E) Comparison of changes in the mRNA levels (from the data shown in A-D) and in the protein levels (determined by mass spectrometry, see Methods) between 42 C and 37 C. Indicated proteins are groups according to their function in the assembly of flagellum. Asterisks indicate significant difference between fold changes at the mRNA and protein levels according to the unpaired t test (p value < 0.015). Error bars in all panels show standard deviation for three independent experiments. See also Table S4 . (D) Decay rates of indicated regulators, calculated using linear fits to log data shown in (C). Each replicate was considered as an individual point. Asterisks indicate that linear fits are different with 95% confidence.
(E) Number of flagella per cell in cells grown at 37 C or at 42 C detected by electron microscopy.
(F) Average swimming velocity as determined by cell tracking in cultures grown at 37 C or at 42 C.
(G) Relative activity of promotor reporters for class II (fliE) and class III (fliC) genes measured by flow cytometry in WT or in DflgM strain at 42 C. Activity was determined as GFP fluorescence, with values at 42 C normalized to those at 37 C.
Error bars in all panels show standard deviation for at least three independent experiments. Asterisks in panels E-G indicate significant differences between samples according to the unpaired t test (p value < 0.01).
consequence of the general failure of the secretion system at febrile temperature, since essentially the same result was obtained with the HA-tagged fusion to the fragment of FliC (Ni et al., 2017) . Such impaired secretion of flagellin and other late substrates of the export apparatus could explain stabilization of their chaperones FliS and FliT.
Flagellar Secretion Apparatus Is Destabilized at High Temperature
To further test the integrity of the secretion apparatus at 42 C, we used cyan and yellow fluorescent protein fusions to FlhA (component of the export apparatus; FlhA-CFP) and FliF (MS ring component of the basal body; FliF-YFP). These two proteins are known to initiate assembly of the flagellar motor in E. coli (Li and Sourjik, 2011) . Expectedly, at 37 C both fusions localized to basal bodies, visible as multiple lateral fluorescent foci along the cellular periphery ( Figure 4A ). We observed that, at increased temperature, the number and intensity of lateral FlhA-CFP foci became largely reduced, with fusion protein mostly accumulating in polar aggregates, whereas the levels of full-length fusion proteins remained similar ( Figures 4A, 4B , S2, and S3). The reduction of lateral foci was similarly pronounced for FliF-YFP. Such delocalization of the key components of the basal body and secretion apparatus indicates that the machinery is at least partly disassembled during growth at 42 C. In contrast, in the absence of cell growth already assembled MS rings appear to be stable for at least 60 min at 42 C. Localization of FlhA-CFP moderately decreased under these conditions ( Figures S4 and S5 ), which is consistent with the previously observed faster exchange of FlhA at the HBB compared with FliF (Li and Sourjik, 2011) . These results suggest that high growth temperature directly destabilizes the export apparatus by weakening the assembly of its early components FliF and FlhA.
Taken together, we could show that an elevated growth temperature (42 C) affects the motility system of E. coli in several ways ( Figure 4C ). Although the level of flhD mRNA was nearly unaffected by temperature, the level of FlhD protein was significantly reduced. Although this decrease can explain the weakly reduced activity of class II promoters at 42 C, the dramatic downregulation of class III genes is primarily caused by the inhibited secretion of the anti-sigma factor FlgM and the ensuing inhibition of FliA activity. This failure of the secretion apparatus is apparently the consequence of its reduced assembly at high growth temperature, which may be caused by a combination of direct temperature effects on the HBB structure (i.e., weakened interactions between its components) and decreased levels of class II gene products that stabilize the early steps of the HBB self-assembly (Li and Sourjik, 2011) .
Changes of Motility upon Temperature Shifts Are Gradual
We further investigated how motility changed over time when growth temperature of the culture was shifted from 37 C to 42 C ( Figures 5A and 5B) or from 42 C to 37 C ( Figures 5C and 5D ). For both shifts only gradual reduction, or, respectively, increase, was observed, not only on the level of GFP expression but also when directly analyzing cell motility. The former could be explained by high stability and maturation times of GFP, meaning that its levels need to be reduced by cell division or take time to build up, even upon the rapid change in transcription. Similarly slow changes in motility suggest that also flagella are not rapidly shed off at 42 C but rather gradually diluted, most likely by growth, and that biogenesis of complete flagella requires more than 1 h, consistent with the previous work (Renault et al., 2017) . Importantly, we observed that the WT cells required less time to adjust motility to the new steady-state level than DflgM cells, suggesting that the FlgM-mediated negative regulation shortens these transitions. For both upshift and downshift of temperature, motility of the WT cells largely equilibrated within 90-120 min, whereas in the DflgM strain, motility continued to increase gradually throughout the time course of the experiment, up to 150 min ( Figures 5B and 5D ). A similar pattern was observed for the promoter reporter activity upon shift from 42 C to 37 C ( Figure 5C ).
Conclusions
Overall, here we show that flagellar motility is the major cellular function that is downregulated by E. coli upon transition to the febrile temperature. Such loss of motility might be beneficial for survival of E. coli during inflammation in the host, as on one hand flagella are strongly antigenic and reducing their number might facilitate evasion of the activated immune response and on the other hand motility might be important for competition with other species and colonization of the host (Siryaporn et al., 2015) . We observed that the downregulation of E. coli flagellar gene expression at high temperature occurs at two levels: First, transcription of all class II and class III genes is reduced several-fold due to the lowered level of FlhD. This reduction in protein level occurs in the absence of transcriptional regulation of flhD and is most likely explained by the temperature dependence of translation. Second, repression of class III genes is largely enhanced because of inhibited secretion of FlgM at 42 C, caused by destabilization and failure of the secretion apparatus.
Although both loss and reacquisition of motility upon changes in growth temperature are relatively slow and likely driven by growth-dependent dilution and resynthesis of flagella, the FlgM-mediated negative regulation apparently accelerates transition to the new steady state. Finally, our observations could explain the previously reported expression pattern of E. coli motility and flagellar gene expression at high temperature (Shi et al., 1993) . The selective repression of class III genes via inhibited secretion of FlgM is also likely to control flagellar gene expression at elevated temperature in bacteria other than E. coli, explaining the 
Limitations of the Study
Although our data indicate that FlhD is downregulated at 42 C at the translational level, the mechanism of the underlying regulation remains to be understood. Furthermore, our study did not allow us to determine the causal relationship between destabilization of flagellar basal body and enhanced degradation of its components at elevated temperature.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.05.022.
ACKNOWLEDGMENTS
We would like to thank Hui Li for providing the plasmids used in this study, Jö rg Kahnt for the help with proteomic analysis, Silvia Gonzá lez Sierra for the help with the flow cytometry, Gabriele Malengo for the help with microscopy, Sara Milani for help with the blind count of the microscopy data and Remy Colin for proofreading the manuscript. This work was funded by the Max Planck Society.
AUTHOR CONTRIBUTIONS
V.S. and I.R. designed experiments; I.R. and B.N. performed experiments; I.R. and T.G. analyzed the data; V.S. and I.R. wrote the manuscript. 
DECLARATION OF INTERESTS
The authors declare no competing interests. Enlarged images of the same experiment are shown in Figure 4A . protein was then digested with 1 µg trypsin (Promega) overnight at 30°. Next, SLS was precipitated with 1.5% trifluoroacetic acid (TFA) and peptides were purified using C18 microspin columns according to the manufacturer's instruction (Harvard Apparatus). In order to generate an in-depth project specific E.coli spectral library for subsequent DIA analysis, a peptide pool was generated to prepare an E. coli spectral library. For this one aliquot of each sample condition was mixed and separated on a microspin column using high pH into 6 fractions (strategy adopted from (Yang et al., 2012) Peptides were dried, reconstituted in 0.1% TFA and mixed with iRT retention time calibration peptides (Biognosys).
Peptide mixtures were then analyzed using liquid chromatography-mass spectrometry carried out on a Q-Exactive Plus instrument connected to an Ultimate 3000 RSLC nano with a Prowflow upgrade and a nanospray flex ion source (all Thermo Scientific). Peptide separation was performed on a reverse phase HPLC column (75 μm x 42 cm) packed in-house with C18 resin (2.4 μm, Dr. Maisch). The following separating gradient was used: 95% solvent A (0.15% formic acid) and 5% solvent B (99.85% acetonitrile, 0.15% formic acid) to 20% solvent B over 60 minutes and to 35% B for additional 30 minutes at a flow rate of 300 nl/min. DIA-MS acquisition method was adapted from (Bruderer et al., 2015) . In short, one full MS scan was performed using the a scan range of 375-1500 m/z, automatic gain control (AGC) was set to 3x10 6 and the ion accumulation time 120ms with a resolution of 70.000 K width at half maximum (at m/z 200). For each MS1 scan, 19 DIA windows with window sizes according to (Bruderer et al., 2015) were acquired. DIA acquisition parameters were set to 35.000 K resolution, ACG target settings 3x10 6 , 120ms ion accumulation time. Fragmentation was initiated with stepped collision energy of 22.5, 25, 27.5.
For spectral library generation data dependent acquisition mass spectrometry (DDA-MS) was performed on the individual peptide fractions. DDA scans were obtained by one high resolution MS scan at a resolution of 70,000 full width at half maximum (at m/z 200) followed by MS/MS scans of the 10 most intense ions. To increase the efficiency of MS/MS attempts, the charged state screening modus was enabled to exclude unassigned and singly charged ions. The dynamic exclusion duration was set to 30 seconds. The ion accumulation time was set to 50 ms for MS and 50 ms at 17,500 resolution for MS/MS. The automatic gain control was set to 3x10 6 for MS survey scans and 1x10 5 for MS/MS scans.
MS/MS searches of DDA raw data were performed using MASCOT (Version 2.5, Matrix Science) submitted from the Proteome Discoverer (v.1.4, Thermo Scientific) software environment.
Modifications were set as follows: carbamidomethylation of cysteines as fixed, oxidation of methionines and deamidation of glutamines and asparagines as variable. Spectral libraries were then generated within Spectronaut (v.11, Biognosys) with standard settings.
All DIA data were analyzed using Spectronaut (v.11, Biognosys) in default settings. DIA data was exported from Spectronaut and then used for further data extraction.
Experiments were performed in triplicates; data significance was calculated using multiple t-test comparison built-in the GraphPad Prism v7.03 (one unpaired t-test per row, each row analyzed individually. For the data shown in Figure 1 and Table S2 , consistent standard deviation was not assumed, desired false discovery rate (FDR) was set to 10% (Benjamini and Hochberg). Proteins were considered as differentially regulated if they exhibited more than 2-fold change. Mapping of transcriptomic and proteomic data was performed using Cytoscape v 3.2.1 (Shannon et al., 2003) . The rate of protein degradation was compared using a linear fit, calculated in the GraphPad Prism v7.03.
Each replicate was considered as an individual point, slopes were considered different when 95%
confidence intervals (CI) did not overlap.
Secretion assay
For the secretion assay, E. coli MG1655 strains, containing FlgM-HA or FliC-HA on IPTG-inducible plasmid (Ni et al., 2017) were inoculated in 25 ml TB, supplemented with 100μM IPTG and were grown at 37°C or 42°C as described above. To measure intracellular protein level, 1 ml of cell culture was centrifuged at maximum speed (table top centrifuge) To measure the concentration of the secreted protein in the cultural liquid, 20 ml of culture (OD 600 =0.6) were supplemented with 5 ml TCA and centrifuged 30 minutes at 4°C. Pellets were washed with 5 ml of 100% acetone (vortexed, centrifuged 10 minutes at 4°C). Pellets were dried under the hood to remove the residual acetone;
proteins were dissolved in SDS sample buffer, loaded on the SDS gel and transferred on the nitrocellulose membrane using standard Western Blot protocol. Detection was performed with mouse α-HA antibodies (dilution 1:10 000, Sigma-Aldrich) and IRD-labelled goat α-mouse antibodies (dilution 1:5 000, IRDye 700 DX). Light signals were detected using LiCor ODYSSEY CLx and analyzed using Image Studio v 5.2.
Analysis of promotor activity
Flow cytometry was used to monitor activity of promoters for flhD (class I), fliE (class II) and fliC (class III) using GFP-reporters (Zaslaver et al., 2006) . Cells were grown as described above. Fluorescenceactivated cell analysis (20 μl of culture were inoculated in 2 ml of Tethering buffer, 10,000 cells per sample acquired) was carried out on a BD LSR Fortessa SORP flow-cytometer (BD Biosciences).
GFP was excited using a 488-nm laser (blue) at 100 mW for excitation and a 510/20 bandpass filter.
The acquired data was analyzed using BD FACS Diva software (BD Biosciences). For all reporters, at least three independent biological replicates were used for quantification.
Fluorescence microscopy
Microscopy measurements were performed as described previously (Li and Sourjik, 2011) . Cells were grown as above at either 37°C or 42°C in TB containing 0.01% arabinose and 30 µM IPTG to respectively induce expression of FlhA-CFP and FliF-YFP. Where indicated, chloramphenicol has been added at final concentration of 200 µg/ml to inhibit protein synthesis. Stability of full-length protein fusions was confirmed using Western Blot with Clontech Living Colors JL8 mouse anti-GFP antibody and IRD-labelled goat α-mouse antibodies. For microscopy, 3 µl of cell culture was pipetted onto a thin pad of 1% agarose. Fluorescence images were acquired on a Zeiss AxioImager microscope equipped with an ORCA AG CCD camera (Hamamatsu), a 100x oil objective (NA 1.45), and HE YFP (excitation bandpass 500/25, emission 535/30) and HE CFP (excitation 436/25, emission 480/40) filter sets. Each imaging experiment was performed in duplicate on independent cultures. All images were acquired under identical conditions. Images were subsequently analyzed using ImageJ software. Clusters were counted manually (blind count) using in total 10 independent images for each condition obtained during two independent experiments. 10 cells per image were used for cluster count. Both FlhA-CFP and FliF-YFP clusters were counted in same cells (100 individual cells from 10 different images in total per condition). Significance was calculated using unpaired non-parametric ttest (Mann-Whitney) with exact two-tailed P value. *** indicate P value <0.0001, ** indicate P value <0.005.
Swimming velocity measurement
Cell cultures were grown in TB at 37 or 42°C with shaking (150 rpm) as indicated. When OD 600 reached 0.5-0.6, cell cultures were mixed with two volume of tethering buffer. Swimming velocity was measured by tracking cells in a poly-dimethylsiloxane (PDMS) microchamber using phase-contrast microscopy (Nikon TI Eclipse, 10x objective with NA = 0.3, CMOS camera EoSens 4CXP). All data were analyzed with ImageJ (https://imagej.nih.gov/ij/) by using custom-written plugins. For swimming velocity analysis during temperature transition, cell cultures were grown as above, and when OD 600 reached 0.6 the temperature for growth was changed from 42 to 37°C.
Flagellar length and number quantification
Bacteria were grown in TB at 37 or 42°C with shaking (150 rpm). When cell density (OD 600 ) reached 0.6, 5 µL cell suspensions were applied onto hydrophilized carbon-coated copper grids (400 mesh).
After a short wash step with PBS and water, bacterial cells were stained with 2% uranyl acetate. All samples were analyzed with a JEOL JEM-2100 transmission electron microscope by using an acceleration voltage of 120 kV. For image acquisition, F214 FastScan CCD camera (TVIPS; Gauting) was used. Flagellar number and length were analyzed with ImageJ.
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